NITRIC OXIDE (NO) is a key molecule for angiogenesis because of its pleotrophic effects on vascular endothelial cells (35, 53) . Indeed, impaired angiogenesis can be evidenced in mice with genetic deletion of endothelial NO synthase (eNOS) in several mouse models of systemic and peripheral angiogenesis, including hindlimb ischemia (32, 51) . In liver, NO is derived from eNOS expressed within liver sinusoidal endothelial cells (SEC), thereby providing the basis for an autocrine angiogenic loop for angiogenesis. Importantly, vascular endothelial growth factor (VEGF) is a canonical agonist for eNOS activation although the eNOS-dependent and eNOS-independent actions of VEGF are not yet fully defined (5, 27, 33) .
VEGF is a potent endothelial cell mitogen/motogen and dominant angiogenic growth factor (15, 16, 26) . In liver, VEGF, like NO, has been shown to have stimulatory effects on SEC proliferation (50) . Interestingly, the pathways through which VEGF promotes angiogenesis have not been fully delineated, especially with regard to cross talk and redundancy with the NO system.
Liver regeneration is critical, not only postoperatively after hepatic surgical resection, but also in the recovery process that follows a variety of hepatic insults/injuries (40) . A critical component of the liver regeneration response is thought to be dependent on angiogenesis since expansion of avascular islands of hepatocytes is associated with an angiogenic switch (1, 2, 37) ; however, the overall requirement of angiogenesis for liver regeneration is not fully defined. Thus partial hepatectomy is a compelling model in which to ascertain angiogenic cross talk in vivo, especially because of the well-defined timeline of molecular and cellular events that occur in the first several days in response to 70% hepatic resection (14, 30, 39) . In this study, we use this model to explore the influence of eNOS and VEGF on angiogenesis in vivo. Surprisingly, we demonstrate that, while critical for angiogenesis in vitro, neither eNOS deficiency nor partial fetal liver kinase-1 (Flk-1) deficiency adversely affects liver regeneration in vivo. Thus these studies highlight the redundancy of signaling pathways that allows liver regeneration to be maintained in the absence of these canonical angiogenic pathways.
MATERIALS AND METHODS
Animal studies. The animal protocols in this study were submitted and approved by the Mayo Clinic Rochester (Rochester, MN) Institutional Animal Care and Use Committee. All animal procedures were performed in accordance with the Institutional Animal Care and Use Committee guidelines of Mayo Clinic. eNOS wild-type (ϩ/ϩ) and eNOS knockout (Ϫ/Ϫ) mice (male C57BL/6 mice, 12-14 wk old; Jackson laboratories, Bar Harbor, ME) along with Flk-1 ϩ/Ϫ and Flk-1 ϩ/ϩ mice (male CD1 mice; Jackson Laboratories) (46) were maintained under standard 12:12-h light-dark cycles with free access to chow and water. Surgical resection of ϳ70% of the liver was performed as described by Rai et al. (36) with minor modifications. Sham-operated mice underwent identical abdominal incision and liver mobilization. Subsequently, eNOS ϩ/ϩ and eNOS Ϫ/Ϫ mice were killed at 2, 4, 6, or 8 days and Flk-1 ϩ/Ϫ and Flk-1 ϩ/ϩ mice were killed at 2 and 4 days after surgery at which time the percent of liver weight recovery was determined (as below). Next, aliquots of liver tissue from each mouse were fixed for histology or alternatively frozen for subsequent biochemical and molecular analyses.
Calculation of liver regeneration. At the time of partial hepatectomy, the resected liver mass represented 70% of the total liver weight. This was used to calculate the total liver weight as resected liver ϭ 0.70 ϫ (total liver weight). At death, the regenerated liver was weighed, divided by the initial total weight, and expressed as the percentage of the liver that had regenerated (36) . In experiments involving the inhibition of NOS activity in vivo, mice (male C57BL6) were injected with either vehicle (normal saline) or N G -nitro-L-arginine methyl ester (L-NAME, 100 mg/kg body wt ip) (6) 24 h before hepatectomy and immediately following the procedure. Mice were killed 24 h following the procedure, and the liver tissue was harvested for immunohistochemical analysis.
Cell culture and adenoviral transduction. Human hepatic SEC (HHSEC; Cell Science) were grown in endothelial cell medium supplemented with endothelial cell growth supplement, 10% FBS, and 1% streptomycin/penicillin. To transduce HHSEC with adenoviral vectors for eNOS (AdeNOS) or LacZ control (AdLacZ), HHSEC were grown to confluence in 100-mm dishes and infected with 25 multiplicity of infection of virus, which achieved ϳ90% transduction efficiency with minimal toxicity. In all experiments, cells were used between 32 and 36 h postviral transduction.
Proliferation assay. The relative proliferation rates of AdeNOS-and AdLacZ-transduced HHSEC were determined by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay on 96-well plates as described previously (24) .
Vascular tube formation assay. AdeNOS-and AdLacZ-transduced HHSEC were placed on 100 l matrigel after 30 min of preincubation at 37°C. Cells were incubated for 18 h at 37°C and 5% CO 2, imaged using a ϫ4 objective, and analyzed using Image-Pro Plus software for quantification of tube formation as described previously (42) .
Immunohistochemistry. Tissue sections (5 m) were cut from optimum cutting temperature blocks and stained with hematoxylin and eosin and antibodies to Ki-67. Proliferation index of sinusoidal lining cells (SLC) and hepatocytes was determined by calculating the fraction of Ki-67-positive cells to the total number of cells within the given field. SLC and hepatocytes were differentiated by their prominent difference in morphology. For Ki-67 immunostaining, the slides were fixed in ice-cold acetone (10 min), blocked with 10% FBS, and then incubated with rabbit polyclonal anti Ki-67 antibody (1:200) overnight at 4°C. Donkey anti-rabbit Alexafluor 488 was used for detection of Ki-67 positive staining cells, and 4=,6-diamidino-2-phenylindole was used to visualize the nucleus.
Quantitative real-time PCR and mouse endothelial biology PCR array. Total RNA was extracted from liver tissue using an RNeasy kit according to the manufacturer's instruction (QIAGEN, Valencia, CA) as we have previously described (10) . In brief, 1.5 g of total RNA was used for the cDNA synthesis using the Random Hexamer Primer of SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbad, CA). For TaqMan-based real-time PCR analysis, 25 ng of each cDNA was added to the Taqman Universal PCR Master Mix along with 900 nM of each primer and 200 nM of probe according to the manufacturer's instruction (Applied Biosystems). Real-time fluorescence monitoring was performed with the Applied Biosystems 7500 Real Time PCR System instrument. Amplification of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used in the same reaction as a normalization control. Levels of VEGF, neuronal NOS (nNOS), and inducible NOS (iNOS) mRNA were depicted as fold difference of partial hepatectomy liver compared with sham-operated liver samples after normalization. The cDNA from SEC isolated from sham-operated and hepatectomized eNOS Ϫ/Ϫ and eNOS ϩ/ϩ mice was also HHSEC were plated on a 96-well plate and serum starved for 10 h, and, subsequently, the proliferation index was evaluated using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay. HHSEC transduced with AdeNOS showed significantly increased proliferation compared with the AdLacZ-transduced group (n ϭ 3 separate experiments, each in triplicate *P Ͻ 0.05). B: to assess tube formation, HHSEC were transduced with AdeNOS and AdLacZ and were then plated on matrigel-coated four-chamber slides for 18 h in basal endothelial cell medium. Tubulogenesis was measured using Image-Pro Plus software. Cells transduced with AdeNOS showed a greater increase in total tube length compared with the AdLacz-transduced group (scale bar represents the tube size, n ϭ 3 separate experiments with 15 representative images taken and analyzed from each group in each experiment; *P Ͻ 0.05).
analyzed on a mouse endothelial cell biology RT 2 Profiler PCR array (SABioscience, Fredrick, MD) using the RT 2 ProfilerPCR Array Data Analysis software.
Western blot analysis. Frozen liver tissue samples were homogenized in a lysis buffer as previously described (10) . Samples containing equal amounts of protein were separated by SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with antibody specifically recognizing VEGF (Santa Cruz, Santa Cruz, CA) or ␤-actin control (Sigma, St. Louis, MO).
NOS activity assay. NOS activity was measured as described previously (20) . Briefly, detergent-soluble lysates were incubated for 20 min with a buffer containing 1 mM NADPH, 3 M tetrahydrobiopterin, 10 nM calmodulin, 0.25 mM CaCl 2, 10 M L-arginine, and 0.2 Ci L-[ 3 H]arginine at 37°C. Samples were run in duplicate. The reaction was terminated by the addition of 1 ml of cold stop buffer (20 mM HEPES, 2 mM EDTA, and 2 mM EGTA, pH 5.5), and the reaction mix was applied to a Dowex AG 50WX-8 resin column. Radiolabeled counts per minute of L-citrulline generation were measured and used to determine L-NAME-inhibited NOS activity (20) .
Statistical analysis. Experiments were performed in triplicates with a minimum of three independent experiments. Data are depicted as means Ϯ SE. Comparisons were performed via Student's t-test or one-way ANOVA when comparing more than two sample groups, with statistical significance set at P Ͻ 0.05.
RESULTS

NO promotes angiogenesis in vitro.
First, to ascertain the effect of eNOS on angiogenic responses in SEC in vitro, HHSEC were transduced with AdeNOS or AdLacZ and as- Fig. 2 . Sinusoidal lining cell and hepatocyte proliferation kinetics after partial hepatectomy: Wild-type C57BL/6J mice (n ϭ 6/group) underwent partial hepatectomy; mice were killed at 0, 2, 4, 6, and 8 days following the procedure. The remnant liver was weighed and embedded in optimum-cutting temperature medium for subsequent sectioning. A: left, photomicrographs along with scale bars of hematoxylin and eosin (H&E) and Ki-67 staining of remnant liver sections show the proliferation pattern at different time points. Images at bottom convey the different morphological pattern of hepatocyte and sinusoidal lining staining. Right, Ki-67-positive cells among both the hepatocyte and sinusoidal lining cells were counted and expressed as a fraction of the total cells in that respective cell population. Although proliferation of hepatocytes was significantly greater than sinusoidal lining cells at day 2, this pattern was reversed at day 4 [P Ͻ 0.05, hepatocyte vs. sinusoidal lining cell at day 2 (*) and sinusoidal lining cell vs. hepatocyte at day 4 (**)]. B: Western blot analysis of liver tissue lysates was performed to determine changes in vascular endothelial growth factor (VEGF)-A expression at day 2, day 4, day 6, and day 8 in mice posthepatectomy and in sham-operated mice; ␤-actin served as a loading control. VEGF-A expression was highest at day 2. C: conversion of L-[
3 H]arginine to L-[ 3 H]citrulline was used to assess the NOS activity in liver samples obtained from C57BL/6J mice 2, 4, and 8 days following partial hepatectomy (n ϭ 4 in each group) and was compared with sham-operated mice. Peak in NOS activity was observed at day 2.
sayed for proliferation and tubulogenesis, the latter of which is an in vitro correlate of angiogenesis. The AdeNOS construct prominently increases eNOS protein levels in transduced cells (11) . HHSEC transduced with AdeNOS showed a significantly higher proliferative index compared with the AdLacZ-transduced group as assessed by MTS assay (Fig. 1A) . To examine the angiogenic effect of eNOS in HHSEC, AdeNOS-and AdLacZ-transduced cells were plated on a matrigel-coated four-well glass chamber and allowed to form tubes for 18 h in basal media, and the total tube length was then calculated using Image-Pro Plus software. Again, eNOS overexpression significantly promoted tube formation compared with the AdLacztransduced control group (Fig. 1B) . Thus these studies, consistent with prior ones (34) , indicate that eNOS and the NO system promote EC-based angiogenesis in vitro, and this concept was pursued further using the in vivo hepatectomy model as described below, to ascertain the effects of eNOS on angiogenesis in setting of liver regeneration in vivo.
Kinetic profiles of proliferation of SLC and hepatocytes after partial hepatectomy. As an initial step to ascertain the time of the angiogenic switch in the partial hepatectomy model, we measured proliferation kinetics of hepatocytes compared with SLC, which are comprised predominantly of SEC in this model. The mice (C57BL6, n ϭ 6/group) were killed at days 2, 4, 6, and 8 after partial hepatectomy, and the remnant lobes of the liver were harvested, embedded, and sectioned to stain for Ki-67, a standard marker of cellular proliferation. Fractions of Ki-67-positive staining among the hepatocytes and among the SLC were used to determine the rate of proliferation. Although the peak proliferation was observed at day 2 for the hepatocytes, SLC proliferation lagged behind at day 4 ( Fig. 2A, left  and right) , indicating that the angiogenic switch occurred after the initial burst of hepatocyte proliferation in response to partial hepatectomy. Increased VEGF protein levels (Fig. 2B) in day 2 samples coincided with peak hepatocyte proliferation, indicating that angiogenesis in the regenerating model may be Fig. 3 . Liver regeneration is not impaired following eNOS inhibition. Partial hepatectomy was conducted in eNOS wild-type (ϩ/ϩ) and eNOS knockout (Ϫ/Ϫ) mice; restituted liver mass was measured, and tissue was retrieved at specific time points after surgery for immunohistochemical analyses. A: immunostaining with Ki-67 was used as a proliferation marker to determine the fraction of positively staining cells in the hepatocyte population (left) or the sinusoidal lining cell (SLC) population (right) in both groups at different time points. No differences were observed between eNOS ϩ/ϩ and eNOS ϩ/ϩ mice (day 2, n ϭ 4 for eNOS
and n ϭ 6 for eNOS ϩ/ϩ ; day 4, n ϭ 6 for eNOS Ϫ/Ϫ and n ϭ 6 for eNOS ϩ/ϩ ; day 6, n ϭ 5 for eNOS Ϫ/Ϫ and n ϭ 6 for eNOS ϩ/ϩ ; day 8, n ϭ 4 for eNOS
and n ϭ 6 for eNOS ϩ/ϩ ; P Ͼ 0.05). B: the remnant liver removed at day 2, day 4, day 6, and day 8 was used to calculate the restituted liver mass according to the formula mentioned in MATERIALS AND METHODS, and the two groups were compared for each time point. There was no significant difference in regenerating liver mass in eNOS Ϫ/Ϫ compared with eNOS ϩ/ϩ mice (P Ͼ 0.05). C: administration of N G -nitro-L-arginine methyl ester (L-NAME, 100 mg/kg body wt ip) did not significantly alter the proliferation pattern of hepatocytes and SLC compared with the vehicle-treated group (n ϭ 4 mice/group, P Ͼ 0.05).
driven by hepatocyte-derived angiogenic factors such as VEGF. Interestingly, this peak also coincided with the peak of NOS activity from liver lysates; NOS activity peaked at day 2 after which it gradually decreased to levels similar to sham mice (Fig. 2C) .
Absence of eNOS does not affect the regenerative process. Next, to directly test the influence of eNOS-derived NO on angiogenesis and liver regeneration in vivo, we performed partial hepatectomy or sham surgery in eNOS Ϫ/Ϫ mice or ageand sex-matched littermate control mice. At days 2 (n ϭ 4 for eNOS Ϫ/Ϫ and n ϭ 6 for eNOS ϩ/ϩ ), 4 (n ϭ 6 for eNOS Ϫ/Ϫ and n ϭ 6 for eNOS ϩ/ϩ ), 6 (n ϭ 5 for eNOS Ϫ/Ϫ and n ϭ 6 for eNOS ϩ/ϩ ), and 8 (n ϭ 4 for eNOS Ϫ/Ϫ and n ϭ 6 for eNOS ϩ/ϩ ) after surgery, mice were killed, and the liver was harvested for measurement of regeneration as well as complementary biochemical and histological analyses. Surprisingly, despite the prominent angiogenic effects of eNOS on angiogenesis in vitro, eNOS Ϫ/Ϫ mice and their controls showed similar regeneration kinetics following the procedure. Analyses to examine the pattern of proliferation of parenchymal cells and SLC from harvested tissues using Ki-67 also showed no substantive differences between eNOS Ϫ/Ϫ mice and their controls (Fig. 3A) . Similarly, there was no significant difference in the percentage of the liver mass that regenerated following hepatectomy between either group (Fig. 3B) . Additionally, to further exclude the role of eNOS in the regenerative process, we injected C57BL6 mice (n ϭ 4/group) with either vehicle (normal saline) or L-NAME (100 mg/kg ip). Because L-NAME is a nonspecific NOS inhibitor, we used a regimen involving acute dosage (6) wherein mice were injected 24 h before the hepatectomy and immediately following the surgery so as to minimize the iNOS inhibition that has been previously shown to inhibit the posthepatectomy liver regeneration (36) . Mice were killed 24 h after the resection. Immunohistochemical analyses of hepatocytes and SLC proliferation using Ki-67 showed that there was no significant difference between the vehicle-treated group and the L-NAME-treated group (Fig. 3C ). These studies indicate that eNOS-derived NO is not required for the angiogenesis that accompanies liver regeneration.
Upregulation of VEGF expression in eNOS Ϫ/Ϫ mice following partial hepatectomy may compensate for deficiency of eNOS. We next sought to elucidate a variety of potential mechanisms that could maintain angiogenesis and liver regeneration in vivo despite eNOS deficiency. First, to determine whether alternative NOS isoforms may compensate for the lack of eNOS in the knockout mice in vivo, we compared the mRNA levels of nNOS and iNOS in eNOS Ϫ/Ϫ and littermate control mice (Fig. 4, A and B) . Although the patterns of expression of both NOS isoforms did change during the course of liver regeneration, there was no significant difference in the expression of the isoforms between wild-type and eNOS Ϫ/Ϫ mice at the various time points. These results indicate that alternative NOS isoform expression is not likely a compensatory mechanism to account for angiogenesis and liver regeneration that progress unabated in eNOS Ϫ/Ϫ mice. Next, to further ascertain the pattern of expression of genes that might play an important role in SEC biology following hepatectomy, we isolated SEC from eNOS Ϫ/Ϫ and eNOS (cIap1), an anti-apoptotic protein that has previously been shown to play an important role in endothelial cell survival and vessel integrity (41) , in the eNOS knockout mice compared with the wild-type mice under basal conditions. However, following hepatectomy, the knockout mice showed a reversal of Birc2 expression level, a phenomenon that highlights the potential influence of EC apoptotic factors on angiogenesis.
Finally, since 2 days following partial hepatectomy there is a peak in hepatocyte proliferation with an accompanying increase in VEGF protein levels, we also examined VEGF mRNA levels to test for differences in eNOS Ϫ/Ϫ and wild-type mice after partial hepatectomy. Indeed, VEGF mRNA levels in both wild-type and eNOS Ϫ/Ϫ mice were increased compared with the sham-operated animals, with eNOS Ϫ/Ϫ mice displaying significantly higher VEGF mRNA levels at days 2, 4, and 8 (Fig. 5) . Similar results were not seen with the VEGF receptor, Flk-1 (Supplemental Fig. 1) . These results indicate that increased VEGF expression that occurs in eNOS Ϫ/Ϫ mice Fig. 4 . Alternative NOS isoforms do not compensate for eNOS deficiency after hepatectomy. Total RNA extracted from the harvested liver of eNOS Ϫ/Ϫ and eNOS ϩ/ϩ mice following partial hepatectomy was used to compare the expression of neuronal NOS (nNOS; A) and inducible NOS (iNOS, B) between eNOS Ϫ/Ϫ and wild-type control mice at different time points using qPCR. The mRNA levels of nNOS were not statistically significant at any time point under consideration between the two groups; however, there was an increase in iNOS mRNA levels in eNOS ϩ/ϩ mice compared with eNOS Ϫ/Ϫ at day 6 (*P Ͻ 0.05; n ϭ 3 animals/group).
after partial hepatectomy could compensate for deficiency of eNOS-derived NO.
Mice genetically heterozygous for Flk-1 have normal regenerative capacity. Because we saw an upregulation of VEGF in eNOS knockout mice and a number of changes in SEC gene profile, which could potentially contribute to the normal angiogenic response in these animals following hepatectomy, we next looked at the regenerative process in mice heterozygous for Flk-1 (VEGF-R2) and their wild-type littermate controls (n ϭ 3 for each group at each time point). Heterozygous mice were chosen for study because homozygous deletion of Flk-1 is lethal (43) . Interestingly, even though the VEGF-Flk-1 axis is a well-known canonical signaling pathway involved in endothelial cell angiogenesis (17, 23, 49) , there was no statistically significant difference in the proliferation of the SLC nor parenchymal cells as assessed by Ki-67 immunostaining of frozen sections between the Flk-1 ϩ/Ϫ mice and their controls in response to partial hepatectomy (Fig. 6A) . These data indicate that a partial reduction of Flk-1 levels does not compromise the liver regenerative process.
DISCUSSION
The influence of angiogenesis on liver function and pathobiology is an area of increasing interest (3, 8) . Indeed, angiogenesis in liver is important, not only for liver regeneration but also in liver cirrhosis, its ensuing complications of portal hypertension, hepatocellular cancer, and recovery from liver injury or resection (9, 13, 29) . However, although broadly termed as angiogenesis, each of these processes maintains distinct signaling interactions between SEC and other cell types within the sinusoidal microenvironment that culminate in changes in vascular structure and function specific to the final biological response (i.e., tumor growth, fibrosis, regeneration) (25, 38) . Interestingly, the time kinetics of these biological responses varies as well, since angiogenesis associated with fibrosis is prolonged, whereas angiogenesis associated with liver regeneration is largely completed within 1 wk, concurrent with the completion of the regeneration process (30) . Both NO and VEGF are dominant signal transduction molecules that are paramount for angiogenesis because of their stimulatory effects on SEC. In this context, the present findings demonstrating the dispensability of eNOS and Flk-1 for liver regeneration are surprising. However, the redundant and distinct roles of angiogenic molecules vary with experimental context. For example, eNOS-deficient mice also do not demonstrate prominent defects in portal pressure or in hepatic tumor angiogenesis (11, 21) . Although future studies will be necessary to delineate the precise role of eNOS and Flk-1 in the angiogenic cascade in liver, these results, in total, support the concept of redundancy in angiogenic function in liver, which allows biological functions to continue despite absence of single key angiogenic molecules.
Liver is unique in its immense capacity to regenerate following injury or resection. In rodent models, 70% liver resection is followed by an initial phase of hepatocyte proliferation Fig. 5 . VEGF mRNA levels increase in eNOS Ϫ/Ϫ mice to a greater extent than wild-type mice posthepatectomy: VEGF mRNA levels were measured in the wild-type and eNOS Ϫ/Ϫ mice after partial hepatectomy. eNOS Ϫ/Ϫ animals showed a significant increase in VEGF mRNA levels compared with the wild-type mice at days 2, 4, and 8 (n ϭ 3 animals/group; *P Ͻ 0.05). ϩ/ϩ and Flk-1 ϩ/Ϫ mice were subjected to partial hepatectomy, and the remnant liver was removed at day 2 (n ϭ 3 for Flk-1 ϩ/Ϫ and n ϭ 3 for Flk-1 ϩ/ϩ ) and day 4 (n ϭ 3 for Flk-1 ϩ/Ϫ and n ϭ 3 for Flk-1 ϩ/ϩ ) for analysis following surgery. Immunostaining of 5-m section of the regenerated liver sections with Ki-67 was used to determine the fraction of positively staining cells in the hepatocyte population (A) or the SLC population (B) in both groups at the different time points. There were no significant differences in proliferation observed between the Flk-1 ϩ/Ϫ and Flk-1 ϩ/ϩ mice in hepatocyte or SLC populations (P Ͼ 0.05).
that is followed by a secondary SEC proliferative response, with this angiogenic switch thought to be required for the culminating wave of hepatocyte proliferation that leads to full restitution of hepatic mass (44) . During the preangiogenic phase of regeneration, hepatocytes form avascular clusters (28) that are then infiltrated by the proliferating SEC that restore the normal lobular architecture of this nascently regenerating liver. However, the lack of changes in liver regeneration in eNOS Ϫ/Ϫ and Flk-1 ϩ/Ϫ mice do suggest that angiogenesis may not be the key driver in the liver regeneration process (although our observations in Flk-1 ϩ/Ϫ mice could also be attributable to the available Flk-1 protein levels generated by the single allele).
VEGF is one of the most potent angiogenic factors because of its prominent mitogenic and motogenic effects on endothelial cells (19) . Indeed, homozygous or heterozygous deletion of VEGF is embryologically lethal in mice (7) . Furthermore, prior studies in the liver regeneration model have revealed an essential role of VEGF for coordination of angiogenesis and liver regeneration (37, 47) . Interestingly, eNOS-derived NO is a putative second messenger for VEGF-induced proliferation and migration of endothelial cells because of direct activation of eNOS by VEGF (31, 52) . For example, pharmacological inhibition of NOS abrogates VEGF-induced proliferation and migration of endothelial cells in vitro (34) , and delivery of dominant-negative eNOS constructs abolishes VEGF function in vivo in animal models such as hindlimb ischemia (51) . This VEGF-induced activation of eNOS is thought to occur through pathways that include cAMP-dependent protein kinase/protein kinase B (12, 18) and calcium/calmodulin (4). However, VEGF may stimulate endothelial cell proliferation through pathways independent of eNOS (5, 33) . Indeed, a recent study showed that eNOS is dispensable in a diabetic mouse model of endothelial cell proliferation in the glomerulus because of high VEGF levels in these mice despite the absence of eNOS (33) . These results are reminiscent of the findings in our current study whereby redundant pathways are likely to be responsible for the dispensability of eNOS for angiogenesis and liver regeneration in the setting of eNOS deficiency. Indeed, VEGF also appears to compensate for fibroblast growth factor (FGF) deficiency in FGF Ϫ/Ϫ mice undergoing regeneration after partial hepatectomy (45) . Similarly, the dispensability of Flk-1 in the regeneration process may be the result of redundant effects of alternative VEGF receptors or alternatively adequate signaling through the protein derived from the single Flk-1 allele present in heterozygous mice.
NO is generated through one of three isoforms [eNOS, iNOS, or nNOS (22) ]. Although NO from both iNOS and eNOS have been implicated in hepatocyte responses during regeneration (36, 48) , little attention has been paid to the role of NO in the angiogenic response that accompanies regeneration. Upon first evaluation of our data, we initially envisioned that the regenerative response that occurs unabated in eNOSdeficient mice may be because of compensation by iNOS, resulting from the essential role of iNOS in liver regeneration previously defined in studies by Rai et al. (36) . In that study, the effect of iNOS on regeneration had been attributed mainly to the protective effect that iNOS may impart on hepatocytes against tumor necrosis factor-dependent induction of caspases, rather than the result of a direct effect of iNOS on angiogenesis per se (35) . In our study, iNOS was not further increased in eNOS Ϫ/Ϫ mice beyond the increase that was observed in response to partial hepatectomy in control mice. Furthermore, the peak of iNOS activity did not occur until day 6, well after the angiogenic switch accompanying liver regeneration had already transpired. Thus, in the partial hepatectomy model, although iNOS-derived NO prominently influences hepatocyte biology, its effects on angiogenesis are probably limited. These observations highlight a key emerging concept pertaining to NO; effects of NO generated from different isoforms may show widely divergent biological effects because of kinetics of NO generation, proximity of NO gradients to various cell types, and the tissue redox state of the NO microenvironment. In summary, the present study demonstrates that, although eNOS is a powerful angiogenic factor for SEC in vitro, it is not required for the EC proliferative wave that accompanies liver regeneration in vivo likely because of compensatory and redundant angiogenic mechanisms. 
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